Coastal circulation and transport of sediment derived from the Huanghe and Changjiang Rivers in the Bohai, Yellow, and East China Seas (BYECS) over the past 48 years were simulated and analyzed using the Coupled Ocean-Atmosphere-Wave-Sediment Transport modeling system. Model skill assessments against in situ wave and hydrographical observations indicate the model simulation can reasonably well reproduce the hydrodynamic environment of the BYECS. Model-simulated regions of high fine sediment accumulation rate correlate well with the observed regions, which are known as "muddy patches." Bottom stress analysis further indicates that the formation of muddy patches near river mouths is largely due to their proximity to the sediment source. Muddy patches formed in regions farther away from river mouths are results of local weak bottom stress and associated circulation pattern. Simulated seabed sediment distribution reveals that most of the Huanghe-derived sediment stays inside the Bohai Sea, whereas the Changjiang-derived sediment can spread into both the Yellow and East China Seas. Strong seasonal variations exist in the river-derived sediment transport with stronger (weaker) offshore sediment transport occurring in the winter (summer).
Introduction
The Bohai, Yellow, and East China Seas (BYECS), consisting of a semi-closed basin in the north and a wide continental shelf in the south, are one of the largest continental systems in the world (Lin et al., 2002; Fig. 1a) . The Bohai Sea (BS) is connected to the Yellow Sea (YS) through the Bohai Strait between the Liaodong and Shandong Peninsulas. The mean depth of the BS is only 18 m. Mean tidal currents vary from 0.2 to 0.8 m/s and are dominated by mixed semi-diurnal tides (M 2 and S 2 ; Huang et al., 1999) . Because of the shallow depth, wind waves can affect almost the entire basin, with a typical significant wave height varying from 0.3 to 0.7 m near the coast to about 1.0 m in the Bohai Strait and central basin (Jiang et al., 2000) . The mean circulation in the BS consists of an inflow through the northern section of the Bohai Strait and an outflow through the southern part (Guan, 1994) .
In the Yellow Sea (YS), the mean water depth is 44 m. The regional tidal system is dominated by M 2 and K 1 (Naimie et al., 2001 ) and rotates in a counterclockwise direction. Typical tidal current speed is less than 0.45 m/s in the middle YS, but increases to more than 1.5 m/s near the coast. In the northern YS, waves are generally wind-generated, while the southern YS is more affected by waves propagating from the open ocean. Overall, the typical significant wave height is largest in fall and winter (2.0-6.0 m), and smallest in spring and summer (0.4-1.2 m). Circulation in the YS has obvious seasonal variation. In winter, the strong Yellow Sea Warm Current (YSWC) flows northward through the middle of the YS, while the relatively weak Yellow Sea Coastal Current (YSCC) and the Korean Coastal Current (KCC) flow southward. In contrast, the YSWC becomes very weak in summer, only reaching north of Cheju Island before turning eastward into the Cheju Strait between Cheju Island and the Korean Peninsula (Lie, 1986; Park, 1986; Su, 2001) . Both the YSCC and KCC flow north during that time (Xia et al., 2006; Bian et al., 2013a) .
The East China Sea (ECS) connects to the YS in the north and to the western Pacific Ocean in the southeast by the Okinawa Trough.
Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/csr It has a broad continental shelf with mean depth of 72 m (Dong et al., 2011) . The M 2 tidal constituent dominates the ECS tidal system. The tidal amplitude can reach 5 m at the Zhejiang-Fujian coast, and the speed of tidal currents is 0.4-1.0 m/s. Waves in the southern ECS are generally larger than those in the north. The nearshore East China Sea Coastal Current (ECSCC), driven by seasonal winds, flows southward in winter and northeastward in summer. Circulation on the ECS continental shelf is very dynamic, and is influenced by the interplay among the South China Sea through the Taiwan Strait, the YS through YSCC, the large freshwater input from the Changjiang River, and the strong western boundary current-Kuroshio Current (KC), with a surface current speed around 1 m/s (Pan et al., 1987a (Pan et al., ,1987b .
River-derived sediment is a major source of material transported to the BYECS (Milliman and Meade, 1983) . As the two largest rivers in east Asia, the Huanghe (Yellow) and Changjiang (Yangtze) Rivers deliver annually about 1.1 ×10 9 and 4.8×10 8 t sediment, respectively, into the BYECS (Milliman and Meade, 1983; Saito and Yang, 1995; Fig. 1a) . Waste and contaminants from human activities are included in the sediment, and carried to adjacent oceans by the two rivers (e.g. Qiao et al., 2007) . Because of this huge sediment supply and its potential impact on the coastal environment and marine ecosystem, sediment transport in the BYECS has been a subject of many earlier studies (Choi, 1983; Dong et al., 1989; Milliman et al., 1985a Milliman et al., , 1985b Deng and Yang, 1993; Zhang, 1995; Wu et al., 2001; Ma et al., 2001; Lin et al., 2002; Wang et al., 2007a; Li, 2008; Dong et al., 2011; Zeng et al., 2011; Milliman and Yang, 2014) . Existing observations of sediment distribution on the seabed show that over broad areas of the BYECS continental shelf, "old" sand deposited during the last glacial maximum when sea level was low (Emery, 1968) . Isolated areas of fine-grain modern sediment, known as "muddy patches", are present in the western BS, northeast of the Shandong Peninsula, in the YS Trough, at the Old Huanghe River Delta, southeast of the Changjiang Estuary, southwest of Cheju Island, in the Okinawa Trough, and along the Zhejiang-Fujian coast (Qin, 1994; Saito and Yang, 1995; Liu et al., 2002 Liu et al., , 2006 Liu et al., , 2007 Liu et al., , 2009 Fig. 1b) . This fine-grain sediment is believed to be transported from rivers in the area, as the modern coarse-grain accumulation rate in these areas is small (DeMaster et al., 1985) .
The seabed in the BS is dominated by sediment derived from the Huanghe River (Wang et al., 2014) , while the Changjiang Riverderived sediment is considered to be the major source of muddy patches near the Changjiang Estuary and the Zhejiang-Fujian coast (Hu et al., 2001; Xiao et al., 2005; Xu et al., 2009) . The large sediment input from these rivers contributes significant amounts of nutrients and contaminants from land adjacent to the seas, and these play an important role in controlling the physical and biogeochemical environment of the BYECS (Hu et al., 2011; Dong et al., 2011; Xu et al., 2012) . However, due to the complex physical environment and a lack of observations, understanding regional seabed sediment distributions, transport pathways, and their seasonal variations remains a very challenging task.
In recent years, numerical models have been used as a powerful tool for sediment transport studies around the world. Jiang et al. (2004) used both field experiments and numerical simulations to study suspended particulate matter transport in the BS. Wang et al. (2007b) and Harris et al. (2008) studied sediment transport and resuspension in the northern Adriatic Sea, respectively. Also in Adriatic Sea, Bever et al. (2009) investigated the fate of Po River sediment within the basin, and Sclavo et al. (2013) focused on the effect of wave-current interaction on sediment dispersal. Warner et al. (2008a) simulated sediment transport during storms in Massachusetts Bay. Lu et al. (2011) applied a current-wave coupled model to study transport dynamics and seasonal variability of Huanghe River sediment in the BS and YS. Xu et al. (2011) (Li et al., 2005a) . sediment transport mechanisms of the Mekong River. Most recently, Bian et al. (2013a) explored the sediment transport path and dynamics in the BYECS under climatological mean circulation and wind forcing. Regional circulation is known to be strongly influenced by the synoptic weather patterns, especially in the winter season (Yuan et al., 2008) . Sediment transport forced by synoptic forcing over a longer period, along with accounting for of interactions of ocean currents with the wave dynamics present areas of future improvement. In addition, Bian et al. (2013b) presented the distribution of suspended sediment concentration in the YS and ECS based on field surveys during the four seasons of 2011.
While most sediment transport modeling studies carried out in the BYECS focused on smaller sub-regions with relatively simple physical settings over short time periods (from days to a few years), it is our goal to investigate intrinsic seasonal and interannual variability in Huanghe and Changjiang River-derived sediment transport mechanisms in the entire BYECS over a longer time period. To do that, we have applied an advanced coupled oceanwave-sediment transport model-COAWST (Coupled-Ocean-Atmosphere-Wave-Sediment Transport Modeling System) to simulate realistic hydrodynamic settings and transport of riverine sediment in the BYECS over 48 years . We provide herein our model setup, validations, and analyses of seasonal variations in sediment transport in this work. Results and analyses of the interannual variability will be reported in a future correspondence.
Model
Our coupled modeling system (Warner et al., 2008b (Warner et al., , 2010 consists of several state-of-the-art modeling components, including the Regional Ocean Modeling System (ROMS, Shchepetkin and McWilliams, 2005; Haidvogel et al., 2008; Schepetkin and McWilliams, 2009 ) for ocean and sediment transport, and the Simulating Waves Nearshore (SWAN) model (Booij et al., 1999) for ocean waves. Model coupling is handled through the Model Coupling Toolkit (MCT, Larson et al., 2005) . As ROMS and SWAN run simultaneously, ROMS passes bottom elevation, sea surface height, and depth-averaged currents to SWAN, and SWAN passes wave direction, height, length, period, and energy dissipation to ROMS. Because our focus is on long-term sediment transport, by coupling waves with ocean circulation, the model system accounts for wave-induced enhancement of surface roughness, water column mixing, and bottom stress, all of which are critical to sediment transport. For example, the total bottom stress t τ used for sediment transport algorithm in the model is related to bed stresses associated with mean current above the wave-boundary layer c τ and wave motion w τ implemented through a bottom-boundary layer model (Madsen, 1994; Warner et al., 2008b) . The estimates of c τ and w τ are made as
, respectively, where u and v are velocity computed at the vertical mid-elevation of the bottom computational cell, k is von Kármán's constant, z is the vertical mid-elevation point of the bottom cell, z 0 is the bottom roughness length, f w is the Madsen wave-friction factor, and u b is the bottom orbital velocity (Warner et al., 2008b) . More details about the bottom-boundary layer model, model coupling, and wave-current interaction can be found in Warner et al. (2008b Warner et al. ( , 2010 , Olabarrieta et al. (2011) , Kumar et al. (2012) , and Sclavo et al. (2013) .
In this study, the model domain covers the whole BYECS, with 1/12°grid spacing horizontally and 16 terrain-following layers vertically to resolve the water column. ETOPO2 global topography data with 2-min spatial resolution (National Geophysical Data Center, 2006), from the National Oceanic and Atmospheric Administration (NOAA), was used to define model bathymetry. Without compromising our goal of studying sediment transport on the BYECS shelf, we set the least and largest water depths as 5 m and 1200 m, to increase the stability and efficiency of model integration. Warner et al. (2005) reviewed and compared different turbulence closure schemes in ocean circulation modeling. The Mellor-Yamada 2.5 Turbulence Closure scheme was used in this study to represent vertical mixing (Mellor and Yamada, 1982) , because we found numerically it is the most stable scheme for our multi-decadal long simulation. At the surface, the model was forced by daily wind and net surface heat flux interpolated from National Centers for Environmental Prediction (NCEP) Reanalysis data products with 1-degree spatial resolution (Kalnay et al., 1996) . At the two open boundaries (south and east) of our model, quarter-degree monthly Simple Ocean Data Assimilation (SODA, Carton et al., 2000a Carton et al., , 2000b solutions were used to define sea level, transport, and temperature and salinity boundary conditions. To introduce tidal dynamics, eight major tidal constituents (M 2 , S 2 , N 2 , K 2 , K 1 , O 1 , P 1 and Q 1 ) derived from the OSU TOPEX/ Poseidon Global Inverse Solution (Egbert et al., 1994; Egbert and Erofeeva, 2002) were superimposed on the SODA subtidal sea level and transport values along the open boundaries. To improve the stability of the long-term circulation model integration, we introduced the Orlanski-type radiation (Orlanski, 1976) for threedimensional temperature, salinity and current fields along the southern boundary, so any spurious waves generated in the model interior can freely propagate outside our study domain. Moreover, temperature and salinity values along the eastern boundary were clamped to SODA counterparts in order to maintain the intensity and structure of the KC. horizontal grid, bathymetry, and meteorological forcing as the ocean model. We focused on the wind waves generated inside the study domain, and no open-ocean wave boundary forcing was considered. Coupled model variables, including significant wave height, wave length, wave direction, bottom orbital velocity and surface currents were exchanged between SWAN and ROMS daily.
In the sediment module, we considered only two classes of river-derived sediment: fine and coarse, for simplicity. The corresponding parameters used in the model are listed in Table 1 , following Bian et al. (2013a) . Only the Huanghe and Changjiang Rivers were included as sediment sources (with different flags) in our study. Their runoff accounts for 4% and 80% of total riverine input in the BYECS, respectively, whereas the sediment discharge accounts for 65% and 30%, respectively (Ichikawa and Beardsley, 2002; Yang et al., 2003; Xu et al., 2009; Liu et al., 2013) . The river runoff and sediment discharge values were interpolated from observed monthly records of two long-term gauge stations-Lijin ( 100 km upstream of Huanghe River mouth) and Datong ( 500 km upstream of Changjiang River mouth). To account for sediment deposition difference between gauge stations and river mouths, we set the sediment input from the two rivers to be 70% of their upstream gauge observations, while keeping the runoff rate unchanged, following Li et al. (2005b) . Although other researchers tried to estimate the component of different sediment classes (e.g. Bonaldo and Di Silvio, 2013) , it is difficult to do so for the Huanghe and Changjiang Rivers due to different geographic and hydrodynamic environment. As a result, the fraction of fine and coarse sediment was simply set at 50% each, following Bian et al. (2013a) . Seabed evolution was also considered in this model. Deposition is modeled and represented by sediment concentration on the seabed, which is a three-dimensional array with user-defined constant layers beneath each horizontal hydrodynamic model cell. The seabed layer thickness was modified at each time step, accounting for erosion and deposition. Initially, the Fig. 1a for locations). Correlation coefficients (r) and root mean square errors (RMSE) are given in the titles. (b) Sea surface temperature comparisons at B1-B4 (see Fig. 1a for locations). Correlation coefficients (r) and RMSEs are given in the titles. (c) Monthly averaged (January ¼"01" and July¼ "07") temperature (T,°C) and salinity (S) comparisons at depth along the PN transect (see Fig. 1a for location).
suspended sediment concentration in the water column was zero, and there was no sediment on the seabed; therefore in the model simulation, any deposition (or the formation of muddy patches) on the shelf was a direct result of transport of riverine sediment from the coast. The time step used for the baroclinic mode of model simulation was 300 s. The model was integrated for 48 years from Jan. 1, 1958 to Dec. 31, 2005.
Results and discussion

Model validation
In order to validate the wave model results, we compared the available Globalwave TOPEX/POSEIDON altimeter along-track (L2P) data (http://globwave.ifremer.fr/products/globwave-sa tellite-data/altimeter-l2p-data), which overlapped with the model-simulated monthly significant wave height output from 1993 to 2005. Because of the large uncertainty of TOPEX/POSEIDON observations near the coast and because we did not consider wave propagation from outside the study domain, data near the model open boundaries and coastlines were excluded from the validation. The resulting comparison shows that the simulated significant wave height agreed well (R 2 ¼ 0.93) with the altimeter observations ( Fig. 2) , indicating that the model is capable of reasonably well reproducing wave conditions during the comparison period.
Coastal sea level data archives from the Japan Oceanographic Data Center (http://www.jodc.go.jp/data/tide/sea-level.html) made it possible to assess the model's skill in reproducing longterm (from 1968 to 2005) sea level variability (Fig. 3a) . At all four stations (J1-J4 in Fig. 1a) , the correlation coefficients between observed and modeled sea level time series are all larger than 0.87. Although relevant misfit occasionally occurs in peaks and troughs, the root mean square errors (RMSE) are small (r0.07 m). The misfit is likely due to unrepresented dynamical process in coastal region by current model resolution (1/12°) and the coarse resolution of atmospheric forcing (1°). We also compared the simulated sea surface temperatures (SST) with long-term observations (Wang, 2009 ) from four stations (B1-B4 in Fig. 1a ) in the BS (Fig. 3b) . Correlation coefficients between observed and simulated SST for the four stations are above 0.95 with RMSE less than 2.14°C, indicating that the SST variation simulated by the model and the NCEP net surface heat flux fields adopted to drive the model simulation are fairly realistic. Similarly as the sea level comparison, misfit between observed and simulated SST also occasionally occurs in peaks and troughs.
To further validate the model's skill in resolving the subsurface hydrographic features, we compared the temperature and salinity observations with the model output along the PN transect (Fig. 3c) in the ECS. Oceanographic data along the PN transect (see Fig. 1a for location) are available since 1960s, and have been extensively used to investigate the Kuroshio in the ECS (e.g., Lü et al., 2004) . For our purpose, we computed long-term monthly averages (Wang, 2009 ) from model output and observations, and compared the salient temperature and salinity features in each month. Modeled and observed fields closely resemble each other. For instance, in January, the KC can be easily identified as the region of high temperature and salinity off the shelf slope. Temperature on the shelf is 5-6°C colder, resulting in a strong temperature front at the shelf break (Fig. 3c ). In July, SST rises up to 30°C in both observation and model. Strong thermal stratification is seen in both, although the model results suggest a stronger upwelling and onshore transport. Both observation and model show a thin layer of fresh water (with salinity as low as 32.5) extending from the coast to the shelf break in the summer. This is due to the freshwater input from the Changjiang River and offshore transport caused by the southwest monsoon.
For the sediment model validation, we collected all available published accumulation rate data inside the study area (Fig. 4a ). Because the model considered only the Huanghe and Changjiang River-derived sediment input and assumed there was no sediment on the seabed to begin with, we took the first eight years (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) as the sediment model spin-up period and let the modeled sediment field reach a quasi-steady state. Fig. 4b shows the modeled mean sediment accumulation rate averaged from 1966 to 2005 (the following analyses are all based on the same period unless explicitly indicated). Although the modeled sediment accumulation rate was generally less than observed likely due to the initialization from zero and not resolving some of the nearshore hydrodynamic process by our current model resolution), many observed features are reasonably well reproduced by the model. For instance, the accumulation rate, as seen in observations and model results, was larger at the muddy patches than other areas. When comparing the simulated accumulation rate (Fig. 4b) with the sediment grain size distribution (Fig. 1b) , we can clearly see that the areas of high accumulation rate correspond to the finegrain sediment areas (muddy patches). This is especially true for the muddy patches northeast of Shandong Peninsula in the northern YS, the YS Trough in the southern YS, south of Cheju Island, off the Zhejiang-Fujian coast, and along the Okinawa Trough. One model deficiency we have identified is that the model overpredicted the accumulation rate off the Zhejiang-Fujian coast. The mismatch is attributed to the weak Taiwan Warm Current in the model, and will be further discussed in the following sections.
Seasonal variation of river-derived sediment transport in the BYECS
Model-simulated depth-averaged current patterns show clear seasonal variations in ocean transport in the BYECS, in part due to seasonal changes of monsoon forcing (Fig. 5) . For instance, in January the strong YSWC enters the middle southern YS, joins the southward KCC and forms a large clockwise gyre. The KCC and Tsushima Current (TC) pass through the Tsushima Strait with a weaker velocity. Along the Subei coast, the coastal currents flow southward, and further intensify south of the Changjiang River mouth. The Taiwan Warm Current (TWC) near Taiwan Island flows northward even under the strong northeastern monsoon. Further offshore, the strong KC enters the study area east of Taiwan Island, and exists south of Japan. While flowing mainly along the shelf break in the ECS, the KC northward intrusion occurs northeast of Taiwan Island, around 28.5°N. In spring (April), the YSWC and coastal currents of the YS and ECS all become weaker. Because the northeast monsoon is diminishing, the TWC increases its strength. The KC intrusion and its exchange with continental shelf waters are still evident. In summer (July), the strength of YSWC further decreases, and the KCC flows northward along the west coast of the Korean Peninsula. Both the YSCC and ECSCC change their directions to the north. The ECSCC and TWC merge, forming a strong northward current along the Zhejiang-Fujian coast. In fall (October), the northward YSWC starts to strengthen, and the KCC changes its direction to the south again. The coastal currents along the Subei and Zhejiang-Fujian coast begin to flow southward, while the TWC starts to diminish. The KC's speed and direction are stable compared to other currents in the study area.
The depth-averaged suspended sediment concentration (SSC) also presents a clear seasonal variation (Fig. 5) . The SSC over the continental shelf is the highest in winter (January). High SSC is seen near the Huanghe and Changjiang estuaries and nearby coasts, as expected near these sediment sources. In spring (April), the SSC over the continental shelf tapers, especially in the YS and ECS. Two interesting low SSC zones form, one in the YS, and the other near the entrance of the BS. Both correspond to locations of two muddy patches. In summer (July), the SSC near the Changjiang estuary further increases, but the SSC further offshore is reduced significantly when compared to that in the other seasons. Most of these spatial patterns remain the same in fall (October), with the SSC higher overall compared to summer. Note that, this pattern is quite similar to the field survey results of Dong et al. (2011) and Bian et al. (2013b) , which show high surface SSC in winter, and low surface SSC in summer. Overall, high SSC occurs at the estuaries and coastal areas, while low SSC occurs in areas deeper than 100 m. The SSC over the continental shelf is higher in winter and lower in summer (Fig. 5) , indicating that the sediment transport from coast to the shelf mainly happens in winter (Fig. 6) . We can also see high SSC near the estuaries and nearby coast in summer (July), but low sediment flux over continental shelf (Fig. 6) , suggesting that the river-derived sediment is mainly stored in these areas during summer in the form of suspended or temporarily deposited sediment. This seasonal variation is similar to the field survey results of Bian et al. (2013b) and consistent with previous studies of sediment transport pattern in the BYECS (Yang et al., 1992; Yanagi et al., 1996; Sun et al., 2000) .
To further verify the sediment transport pattern, we calculated the depth-integrated sediment flux of four months using the following equation (Harris et al., 2008 ):
where F → is the depth-integrated sediment flux, C is the monthly mean sediment concentration, U → is the monthly mean current velocity, and H is the water depth. As expected, the sediment transport patterns also vary by season (Fig. 6) . In winter (January), the YSCC along the Subei coast brings coastal sediment to the ECS continental shelf. Sediment along the Subei and Zhejiang-Fujian coast is transported southward, and meets with the TWC at the Taiwan Strait. The resulting convergent flows move riverine sediment to the outer shelf, where a bifurcation occurs. One branch of this sediment moves to the Okinawa Trough, the other branch travels north, joins the YSWC to the northern YS, and then joins with the KCC to swing around to the Tsushima Strait. In spring (April), the southward coastal sediment transport along the Zhejiang-Fujian coast shuts down. Instead, the sediment travels northward along the Chinese coast. Both the cross-shelf sediment transport and the YS flux gyre are significantly reduced as well. In summer (July), nearly all the coastal sediment along the Subei and Zhejiang-Fujian coast is transported northward. Although a portion of cross-shelf sediment transport can still reach the Okinawa Trough due to the TWC, the strength of sediment transport is reduced compared to its spring condition. In fall (October), the sediment flux near the Zhejiang-Fujian coast and Taiwan Strait increases. The sediment transport pattern tends to develop toward that of winter. The coastal sediment travels southward again along the Subei and Zhejiang-Fujian coast, and the cross-shelf transport picks up again. Overall, our model results show that the largest (least) sediment flux is present over the continental shelf in winter (summer). Likewise, stronger (weaker) offshore sediment transport occurs in winter (summer). Because our model's southern open boundary cuts across the TWC, its ability to resolve the variability of TWC is largely dependent on the quality of SODA model fields that provide boundary values for our model. Further refinement of TWC simulation and investigation of its impact on cross-shelf sediment transport will be carried out in a future study.
To further quantify sediment transport, we calculated the longterm mean sediment (in million tons) transported across several transects in the study domain (Fig. 7) . Most of the Huanghe-derived sediment (447.05 mT/yr) stays within the BS, with only 3% (13.75 mT/yr) traveling into the YS. Within this portion, 1.17 mT/yr subsequently passed the Taiwan Strait into the South China Sea, 3.36 mT/yr was exported at the Tsushima Strait, and only 0.76 mT/yr reached the Okinawa Trough. The mean Changjiang-derived sediment totaled 267.72 mT/yr, of which 8% (21.85 mT/yr) entered the YS, 32% (87.00 mT/yr) passed the Taiwan Strait, and 24% (65.03 and 62.88 mT/yr, respectively) each reached the Okinawa Trough and Tsushima Strait. The remaining 12% settled on the ECS continental shelf. Note that, because we only considered two classes sediment, and some sediment processes (e.g. flocculation) are not included in the model, the sediment transport across those transects may be overestimated.
Long-term averages of river-derived sediment show strong seasonal variation. The largest input of Huanghe sediment occurs in summer and fall (Table 2 ). The outward sediment transport across the BS transect (BST), YS transect (YST), and Taiwan transect (TWT) is greatest in fall and winter. Note that because we did not consider any sediment input through the open boundaries, only the outward sediment transport across the TWT was counted in Table 2 . It is probable that the sediment transported across the Taiwan Strait transect may be brought back by the northward current in summer. For the ECS transect (EST) and Tsushima Strait transect (TST), winter and spring transport are larger than other seasons. The largest input of Changjiang sediment also occurs in summer and fall. The northward transport of Changjing sediment across the YS transect does not have obvious seasonal variation. Similar to the Huanghe sediment, the transport of Changjiang sediment to the Okinawa Trough mainly occurred in spring and winter. Less Changjiang sediment crossed the Tsushima Strait transect in summer. The southward transport of Changjiang sediment dominates in fall and winter for the Taiwan transect. Subject to the open boundary specifications along the Taiwan Strait, the sediment flux across the TWT may need further refinement.
The model-simulated sediment distribution (Fig. 7 ) in the last model year (2005) corresponds well with observed muddy patch data (Fig. 1b) , which are also high-accumulation-rate regions. The location of two muddy patches in the YS, the muddy patches along the Zhejiang-Fujian coast, south of Cheju Island, and along the Okinawa Trough are all reproduced by the model. Due to the uncertainty associated with SODA model data along the southern boundary across the Taiwan Strait, the strength of the TWC may have been underestimated in our model, which would lead to more sediment being transported to the outer shelf and farther to the Okinawa Trough. As a result, the estimated accumulation rate and sediment mass are probably higher than the actual values in those regions. The spatial distribution of seabed sediment fraction (Huanghe-derived vs. Changjiang-derived) indicates Huanghederived sediment dominates the BS, while Changjiang-derived sediment dominates the ECS and most of the YS (Fig. 8, Table 2 ). Outward transport of the Huanghe sediment mainly occurred along the Shandong and Korean Peninsula coasts.
Seasonal variation of bottom stress in the BYECS
Bottom stress is known to be a very important parameter for sediment transport (Warner et al., 2008b) . When bottom stress is larger (smaller) than the critical shear stress of sediment, suspension (deposition) occurs (Warner et al., 2008b (Warner et al., , 2010 . This combines with transport by background currents and wave actions, causing the river-derived sediment to be transported farther away from river mouths. To better understand the sediment transport mechanism in the BYECS, we examined the long-term mean bottom stress induced by waves ( w τ ), currents ( c τ ), and wave-current combined ( t τ ) (Fig. 9) . The wave-induced bottom stress (Fig. 9a) is greater near the coasts than in deep water. The maximum values are located along the Subei and Zhejiang-Fujian coast. Current-induced bottom stress has a more complex spatial pattern (Fig. 9b) , and plays a more important role in determining the combined bottom stress distribution over the continental shelf. Areas with higher accumulation rates (Fig. 4) are also the regions with large sediment mass on seabed (Fig. 7) and weaker bottom stress (Fig. 9c) , which also generally correspond to the muddy patches (Fig. 1b) . Weak bottom stress is associated with low-energy near bottom, where sediment tends to deposit in these regions. More sediment deposition implies higher accumulation rates. Because these regions are generally far from river mouths, most sediment carried there is fine sediment with small grain size. These weak bottom stress regions serve like "sediment traps" in the study area. The "tongue" of high bottom stress across the ECS shelf ( Fig. 9b and c) indicates that sediment in this area is more likely to be transported away than to settle locally. Although bottom stress is large at the two river mouths (Fig. 9c) , the accumulation of sediment in those areas is still significant, mainly due to their proximity to the river mouths and thus the sediment sources.
We further explored the seasonal variations of wave-induced, current-induced, and wave-current combined bottom stress anomaly relative to corresponding long-term means (Fig. 10) . Wave-induced bottom stress has a pronounced seasonal variation, being largest in winter (January), and smallest in summer (July) (Fig. 10a) due to the influence of monsoon. The variation of current-induced bottom stress is small. The largest current-induced bottom stress occurs near the Subei coast and in the YS in winter (January) (Fig. 10b) . As a result, the combined bottom stress ( t τ ) near the coast is largest in winter (January), and smallest in summer (July) (Fig. 10c) .
In winter, erosion/suspension associated with strong combined bottom stress along the northern Shandong Peninsula makes it possible for Huanghe sediment to move from the BS to the YS. Similarly, the large combined bottom stress near the Subei and Zhejiang-Fujian coasts allows suspension, and further facilitates the southward transport of Changjiang sediment. The high combined bottom stress tongue from the Subei coast to the Okinawa Trough in winter also implies this is likely the pathway for crossshelf sediment transport in winter. In summer (July), bottom stress along the northern Shandong Peninsula is the weakest among the four seasons, corresponding to the least outward transport of suspended Huanghe sediment. The high bottom stress tongue toward the Okinawa Trough also shrinks in July, implying lesseffective cross-shelf sediment transport in this season. At the same time, weak combined bottom stress near the Zhejiang-Fujian coast suspends less sediment, preventing sediment from being transported away from the inner shelf to the deep ocean.
Summary
The wave-current-sediment coupled model was used to study the coastal circulation and transport of Huanghe and Changjiang River-derived sediment in the Bohai, Yellow, and East China Seas (BYECS) over the past several decades. Model validations against wave and hydrographical observations demonstrated that the model can reasonably well reproduce the hydrodynamic environment of the BYECS. Model-simulated high-accumulation rate regions correspond with observed fine sediment areas (muddy patches; Fig. 1b) . The formation of muddy patches near river mouths is mainly due to their proximity to the sediment input source. Muddy patches formed in regions farther away from river mouths are results of weak bottom stress and related circulation patterns (Fig. 9) . Model-simulated seabed sediment distribution shows that most of the Huanghe sediment load is confined in the BS and settles near northern Shandong Peninsula (Fig. 8) . Two major export pathways are identified for Huanghe sediment: one along the Shandong Peninsula coast, and the other along the west Korean coast. Changjiang sediment spreads over the entire ECS and beyond, including a branch extending into the YS via the YSWC.
The river-derived sediment transport in the BYECS has very strong seasonal variation (Fig. 6) . Generally, sediment tends to be transported away in winter, and stays near the estuaries in summer. For Huanghe-derived sediment, erosion (suspension) and export along the Shandong Peninsula are mainly controlled by wave-induced bottom stress, which is strong in winter and weak in summer. For Changjiang-derived sediment, both wave-induced and current-induced bottom stresses are important. Stronger bottom stress allows more active seabed erosion and suspension of seabed sediment, allowing sediment to be carried away by the coastal current. In summer and as a result of the southwest monsoon, the coastal current along the Zhejiang-Fujian coast flows northward, blocking southward sediment transport and preventing the sediment from escaping from the inner shelf. Sediment traps (e.g. Hsu et al., 2004) could be designed in this area to further verify this seasonal variation. It is possible that this seasonal variation of sediment transport may also exist in other monsoon influenced coastal regions. The river-derived sediment distribution, to some extent, may also reflect the distribution pattern of anthropogenic contaminants in the ocean, which affect the regional marine ecosystem (e.g. Zhang, 1999; Qiao et al., 2007) .
To simplify our analyses, we only considered wave, current, sediment coupling, and two rivers' sediment input in this study. In reality, the sediment that was deposited on seabed and biological activities can also affect the sediment accumulation and transport patterns. A future effort may also consider the coupling with the atmosphere, and examine more complex sediment transport dynamics during major storms. This modeling system can potentially be used in other coastal regions. More accurate specifications of open boundary conditions and mixing parameterizations used in both hydrodynamic and sediment transport processes can also help to improve model capability in studying coastal sediment dynamics.
